The soil-water characteristic curves (SWCCs) for sand-pelletized diatomaceous earth mixtures are measured. The measured SWCCs are bimodal due to two distinct pore-size distributions associated with the microscopic (intrapellet) and macroscopic (interpellet) porosity regions of the pelletized diatomaceous earth. The measured data for the bimodal SWCCs are fit with modified forms of the Brooks-Corey, van Genuchten, and Fredlund-Xing SWCC functions, and the microscopic and macroscopic porosity portions of the mixtures are determined from the SWCC fits. Both the total and the microscopic porosity of the mixtures increase with increased percentage by dry weight of diatomaceous earth in the mixtures. However, the macroscopic porosity of the mixtures is essentially independent of the diatomaceous earth content due to the similarity in the particlesize distributions of the sand and the diatomaceous earth. The results suggest that sand-diatomaceous earth mixtures may be useful in applications where an increase in water-holding capacity (that is, relative to sand) is desired, such as in landfill covers. In such applications, a balance between the increase in cost and the increase in water-holding capacity due to the use of the diatomaceous earth must be achieved.
INTRODUCTION
Natural diatomaceous earth, or diatomite, is a sedimentary deposit formed from the inorganic skeletal remains of singlecell algae and plankton. The shells resulting from the decay of these skeletal remains form a deposit with interconnected pores of sizes appropriate for microbiological growth and filtering of solids suspended in water. The structure and distribution of these interconnected pores results in a relatively high porosity (typically >70%) and high surface area (Breese 1994) . Naturally occurring diatomaceous earth has been used as engineered fill in California (Capik and Khilnani 1989; Day 1995) , and the natural deposits of diatomaceous earth also are mined and processed to segregate the particles by size and remove impurities for commercial use. The processing of natural diatomaceous earth results in the formation of particle sizes that range from powder to pellets several millimeters in diameter [for example, Burger and Shackelford (2001) ].
In the case of aggregated diatomaceous earth, two distinct pore-size distributions commonly exist, one for the macroscopic porosity region between the particles, and another for the microscopic porosity region within the particles. The existence of two distinct pore-size distributions in soils results in bimodal soil behavior. For example, Stoicescu et al. (1998) measured double-humped shaped or bimodal soil-water characteristic curves for sand-bentonite mixtures consisting of a relatively uniform sand mixed with 8% (by dry weight) of bentonite. Stoicescu et al. (1998) attributed the bimodal shape of the soil-water characteristic curve to pore water trapped between both the larger, interaggregate pores between the sand particles and bentonite platelets and the smaller, intra-aggregate pores entirely within the oriented bentonite platelets. More recently, Fredlund et al. (2000) have proposed the use of a bimodal mathematical function to describe the grain-size curve of gap-graded soils containing two distinct grain-size distributions (and therefore two distinct pore-size distributions). Fredlund et al. (2000) note that their proposed mathe- matical function for the grain-size curve provides a basis for the eventual estimation of the soil-water characteristic curve of a soil. Burger and Shackelford (2001) measured bimodal soil-water characteristic curves for diatomaceous earth specimens consisting of uniform, coarse-grained pellets with nominal diameters of either 1 or 2 mm, corresponding to total porosities at maximum dry density of 0.764 and 0.725, respectively. The bimodal shapes of the soil-water characteristic curves were attributed to the existence of both a macroscopic (interpellet) and a microscopic (intrapellet) porosity. The bimodal soil-water characteristic curves also proved useful in estimating the percentage of the total porosity attributable to the microscopic porosity, which ranged from 45.0 to 47.9% of the total porosities for the two diatomaceous earth materials.
The relatively high total porosity and dual porosity nature of pelletized diatomaceous earth observed by Burger and Shackelford (2001) make pelletized diatomaceous earth a potentially ideal material for several applications in waste disposal systems (for example, landfills). Examples of these applications include uses as (1) a moisture (capillary) barrier in landfill covers; (2) a soil amendment to enhance water retention, drainage, and vegetative cover growth in landfill covers or soils with poor water retention or runoff characteristics; and (3) a biological growth medium for in situ leachate treatment in landfill liner systems. However, the cost associated with the sole use of pelletized diatomaceous earth in these applications may be prohibitive. For example, the cost of bulk quantities of the pelletized diatomaceous earth used in this study ranged from $66 to $78 per 45 kg (100 lb) of material. As a result, mixtures of pelletized diatomaceous earth and less expensive fill materials, such as sand, are more economical.
Since many of the potential applications of sand-diatomaceous earth mixtures in waste disposal systems involve consideration of unsaturated liquid flow, a knowledge of the soilwater characteristic curves of these mixtures is required. Also, the water-holding capacity associated with the dual porosity nature of sand-diatomaceous earth mixtures should depend, in part, on the amount of pelletized diatomaceous earth in the mixture. Thus, the overall objective of this study is to extend the previous study of Burger and Shackelford (2001) by evaluating the influence of the content of pelletized diatomaceous earth on the soil-water characteristic curves and the resulting dual porosity of sand-diatomaceous earth mixtures. The objective will be accomplished by measuring the soil-water characteristic curves of sand-diatomaceous earth mixtures using several different methods of measurement to cover a broad range of soil suctions. In addition, the measured data will be analyzed using several soil-water characteristic curve functions, and the amount of pore space that can be attributed to the microscopic and macroscopic porosity regions of the sand-diatomaceous earth mixtures will be determined from functional fits to the measured soil-water characteristic curves.
MATERIALS AND EXPERIMENTAL METHODS

Materials
The constituent materials used in this study represent two sizes of processed diatomaceous earth pellets and two sands with different particle-size distributions. The diatomaceous earth pellets are the same materials previously studied by Burger and Shackelford (2001) and are known commercially as Isolite (Sundine Enterprises, Inc., Denver, Colo.) under the product names CG1 and CG2, corresponding to average pellet diameters of approximately 1 and 2 mm, respectively. The two sands used in this study are referred to as 20-60 and 10-20 sands because 90% by weight of the 20-60 and 10-20 sands are retained between the No. 20 and No. 60, and the No. 10 and No. 20 sieves, respectively. Fig. 1 is a photograph of the CG1 and CG2 pellets and the two sands, and Fig. 2 shows the particle-size distributions (ASTM D 422) for the constituent materials.
As shown in Fig. 2 , all of the materials are uniformly graded. The 20-60 sand is finer than both the 10-20 sand and the CG1 and CG2 pellets. The 10-20 sand is coarser than the CG1 pellets and finer than the CG2 pellets. Both of the sands as well as the CG1 and CG2 pellets classify as poorly graded sands, according to ASTM D 2487.
The primary difference between the sands and the CG1 and CG2 pellets is the existence of a microscopic porosity within the CG1 and CG2 pellets (Burger and Shackelford 2001) . Thus, a packing of the pellets will consist of both a macroscopic porosity between the pellets (interpellet porosity) and a microscopic porosity within the pellets (intrapellet porosity). This microscopic porosity typically accounts for approximately 50% of the total porosity, depending on the relative densities and sizes of the pellets (Burger and Shackelford 2001) .
The measured specific gravity (ASTM D 854) and the maximum and minimum densities (ASTM D 4253 and D 4254, respectively) for each material are shown in Table 1 , along with the calculated total porosity at the maximum and minimum densities. The lower dry densities for the CG1 and CG2 pellets reflect the existence of internal pore space in the pellets. The total porosity of the CG1 and CG2 pellets also ranges from about 25 to 40 percentage points higher than the total porosity of the sands. The total porosity of the 10-20 sand is approximately 10 percentage points lower than the total porosity of the 20-60 sand due to the slightly larger particle sizes of the 10-20 sand.
Mixtures
In this study, soil-water characteristic curves are measured for 12 different mixtures of the two sands and the CG1 and CG2 pellets. Mixtures of CG1 pellets with the 20-60 sand, GC2 pellets with the 20-60 sand, and CG2 pellets with the 10-20 sand were prepared at four different percentages of diatomaceous earth, ranging from 4 to 30% by dry weight. The 
mechanical particle-size distributions (ASTM D 422) for all the mixtures also are shown in Fig. 3 . The measured specific gravity and the maximum and minimum densities of the mixtures are given in Table 2 , along with total porosity values calculated at the maximum and minimum densities. The total porosities of the mixtures are all greater than those for the constituent sand and increase with increasing diatomaceous earth content. This increase in total porosity with increasing diatomaceous earth content is consistent with an increase in the contribution of the microscopic (intrapellet) porosity associated with the pelletized diatomaceous earth.
Measurement of Soil-Water Characteristic Curves
Three methods were used to measure the soil-water characteristic curve data of the sand-diatomaceous earth mixtures reported in this study: (1) the Tempe cell method, (2) the pressure plate method, and (3) the filter paper method. The use of these three methods was based primarily on two considerations: (1) the need to measure soil-water characteristic curve data over a wide range of soil suctions; and (2) the desire to measure the soil-water characteristic curve data within a reasonable period (Յ8 days). Soil suctions Յ3.4 kPa were measured using Tempe cells (model No. 1400, Soil Moisture Co., Santa Barbara, Calif.); volumetric water contents corresponding to soil suctions ranging from 3.4 to 100 kPa were measured using a pressure plate apparatus (model No. 1600, Soil Moisture Co., Santa Barbara, Calif.) and the procedures described in ASTM D 2325; and soil suctions greater than 196 kPa were obtained using the filter paper method. No soil-water characteristic curve data were measured for soil suctions between 100 and 196 kPa in this study. Further details regarding the soil suction measurements are provided by Burger and Shackelford (2001) .
Specimen Preparation
Soil suction measurements were performed for specimens prepared at the maximum dry density (ASTM D 4253) to reduce the effect of changes in density on the size of the macroscopic pores. The dimensions of the specimen container were measured using a micrometer, and the volumes of the specimen containers were calculated from these measurements. The mass of dry material based on the maximum dry density was calculated using the volumes of the specimen containers.
For the Tempe cell and pressure plate measurements, the dry mass of material corresponding to the maximum dry density was placed directly into the specimen rings and saturated through the porous plate in accordance with ASTM D 2325. For the filter paper measurements, the amount of dry material corresponding to the product of the maximum dry density and the volume of the specimen containers was weighed. The resulting material was washed with deionized water (DIW) to remove soluble salts, saturated by immersion in DIW for 24 h, and air-dried until the desired water content was achieved. After completion of air-drying, the material was placed in the specimen containers at the maximum dry density.
SOIL-WATER CHARACTERISTIC CURVE FUNCTIONS Unimodal Functions
Three unimodal soil-water characteristic curve functions were considered for use in this study: (1) the Brooks-Corey function (Brooks and Corey 1964) ; (2) the van Genuchten function (van Genuchten 1980); and (3) the Fredlund-Xing function (Fredlund and Xing 1994) . The Brooks-Corey and van Genuchten functions were considered because they com- Brooks and Corey (1964) van Genuchten
Fredlund and
Xing (1994) where C 
= volumetric water content; j = junction volumetric water content; r = residual volumetric water content; s = saturated volumetric water content; = soil suction; j = junction soil suction; d , = air-entry or Ј d displacement suctions for macroscopic, microscopic portions of data; r , = residual soil suctions for macroscopic, microscopic portions of Ј r data; e = base of natural logarithm; , ␣, ␤, a, m, n = fitting parameters for macroscopic portion of data; Ј, ␣ Ј, ␤Ј, a Ј, m Ј, n Ј = fitting parameters for microscopic portion of data. monly are used in simulating unsaturated liquid flow through porous media. The Fredlund-Xing function also was considered because it reportedly provides a better description of the soil-water characteristic curve over a wide range of suctions (Leong and Rahardjo 1997) . The forms of these unimodal soilwater characteristic curve functions are given in Table 3 .
Bimodal Functions
The method used in this study to fit the measured bimodal soil-water characteristic curve data using the unimodal Brooks-Corey, van Genuchten, and Fredlund-Xing functions follows the procedure developed by Smettem and Kirby (1990) , as described by Burger and Shackelford (2001) . In this method, a suction value, j , and corresponding volumetric water content, j , are selected at the junction where the macroscopic porosity appears to have been completely desaturated, and the microscopic porosity begins to desaturate. The data for suctions greater or less than j are fit separately, using the unimodal forms of the soil-water characteristic curve functions for each set of data producing two sets of fitting parameters. This method is similar to that proposed by Fredlund et al. (2000) for describing the grain-size curve of a gap-graded (bimodal) soil, in that the procedure essentially consists of superimposing two unimodal functions to cover the full range of data.
The forms of the bimodal soil-water characteristic curve functions used to fit the measured data for suctions greater than j (that is, microscopic data) and less that j (that is, macroscopic data) are shown in Table 4 . Further details regarding the procedure used to fit the measured soil-water characteristic curve data with bimodal soil-water characteristic curve functions, including a schematic bimodal soil-water characteristic curve illustrating the junction point ( j , j ), are given by Burger and Shackelford (2001) .
In this study, the RETC code (van Genuchten et al. 1991 ) was used to fit the Brooks-Corey and van Genuchten functions, and the SoilVision software package (SoilVision Systems Ltd., Saskatoon, Saskatchewan, Canada) was used to fit the Fredlund-Xing function. For the RETC code, the r value from the fit of data less than j is equal to j . For the SoilVision software used for fitting the Fredlund-Xing function, r was not equal to j since the Fredlund-Xing function forces the water content to be zero at a suction of 10 6 MPa.
RESULTS
Soil-Water Characteristic Curves
Sands
The soil-water characteristic curve data fit with the unimodal Brooks-Corey, van Genuchten, and Fredlund-Xing func- 
Microporosity Portion 
Microporosity Portion tions for the 20-60 and 10-20 sands is shown in Fig. 4 . The soil-water characteristic curves for the sand are typical of coarse-grained materials with unimodal soil-water characteristic curves. The curve fit parameters for the 20-60 and 10-20 sands for the Brooks-Corey, van Genuchten, and FredlundXing functions are listed in Table 5 . In performing the curve fits, the saturated volumetric water content was assumed to be equal to the total porosity (that is, s = n T ), since the measurement of the drying soil-water characteristic curve was performed on initially saturated samples.
Sand-Diatomaceous Earth Mixtures
The measured soil-water characteristic curve data for all sand-diatomaceous earth mixtures are shown in Fig. 5 . For all mixtures, the data indicate that an asymptotic value for the volumetric water content, , is approached as the mixture is dried from saturation to soil suctions ranging from ϳ10 to 100 kPa, and that subsequent drying reduces to a value approaching zero at soil suctions ranging from ϳ1,000 to 100,000 kPa. This trend in the measured soil-water characteristic curve data is more evident for the mixtures containing the higher contents of the diatomaceous earth, and is consistent with bimodal soil behavior as expected on the basis of the dual porosity nature of the pelletized diatomaceous earth. Thus, in contrast to the soil-water characteristic curve data for the sand (Fig. 4) , a unimodal function cannot fit the soil-water characteristic curve data for the mixtures due to the existence of two air-entry suction values for the mixtures. These values can be attributed to the existence of two distinct pore-size distributions that desaturate at different suction values.
The fits of the bimodal Brooks-Corey, van Genuchten, and Fredlund-Xing soil-water characteristic curve functions to the measured soil-water characteristic curve data for all the mixtures are shown in Figs. 6, 7, and 8, respectively. In addition, the bimodal curve fits for the pelletized diatomaceous earth from Burger and Shackelford (2001) and the unimodal curve fits for the sand used in the mixture from Fig. 4 also are shown in Figs. 6-8 for comparison. The bimodal curve fit parameters resulting from fitting the measured data for the mixtures with the bimodal Brooks-Corey, van Genuchten, and Fredlund-Xing functions are listed in Tables 6, 7 , and 8, respectively.
As shown in Figs. 6-8 , the soil-water characteristic curves for the mixtures are all intermediate between those for the constituent materials used in the mixtures. Also, the shapes of the soil-water characteristic curves for the mixtures represent gradual transitions from the unimodal curve for 100% sand to the bimodal curve for 100% diatomaceous as the amount of diatomaceous earth in the mixture increases. Therefore, the soil-water characteristic curves for the sand-diatomaceous earth mixtures measured in this study are consistent with those for the individual constituent materials used in the mixtures.
The microscopic portions of the soil-water characteristic curves of the mixtures indicate a broad range in pore sizes contributing to the microscopic porosity of the mixtures. This broad range of pore sizes is reflected by the wide range in suction values (100 kPa < < 100,000 kPa) associated with decreases in volumetric water content below the volumetric water content associated with the microscopic air-entry suction (Figs. 6-8) . A broad range in pore sizes also is indicated by low Ј values for the bimodal Brooks-Corey fit (Table 6 ).
Microscopic and Macroscopic Porosity
Following the procedure used by Burger and Shackelford (2001) , the portion of the total porosity of the mixture attributable to the microscopic porosity, n m , due to the existence of the diatomaceous earth in the mixtures is assumed to be equal to the junction volumetric water content, j , regressed from the bimodal soil-water characteristic curve data when all the micropores are saturated (that is, n m = j ). The macroscopic porosity, n M , then is calculated as the total porosity minus the microscopic porosity (that is, n M = n T Ϫ n m ), based on the minimum total porosity values in Table 1 . The resulting values of total porosity (n T ), microscopic porosity (n m ), and macroscopic porosity (n M ) based on each of the three bimodal soilwater characteristic curve fits for n m are listed in Table 9 for the sand-diatomaceous earth mixtures. The results in Table 9 indicate that there is little difference in the n m values determined using the different functions, although the bimodal Fredlund-Xing function predicts slightly higher microscopic porosities relative to the bimodal Brooks-Corey and van Genuchten functions. Burger and Shackelford (2001) reported average values for the total, microscopic (intrapellet), and macroscopic (interpellet) porosities of 0.764, 0.344, and 0.420, respectively, for specimens containing only CG1 pellets, and 0.725, 0.348, and 0.377, respectively, for specimens containing only CG2 when the specimens were tested at the maximum dry density. The approximately equal microscopic porosity values of 0.344 and 0.348 for the CG1 and CG2 pellets, respectively, were attributed to the existence of similar internal pore structures for the two diatomaceous earth materials. The greater macroscopic porosity of CG1 relative to CG2 was attributed to the slightly smaller pellet sizes of CG1 (Fig. 2) , since macroscopic porosity values are lower for materials with larger particle sizes. Burger and Shackelford (2001) also noted that their estimates of the percentage of the total porosity that could be attributed to the microscopic porosity compared very well with previously reported estimates based on the results of tests performed using mercury intrusion porosimetry.
DISCUSSION
Dual Porosity of Mixtures
In contrast to the results for the two diatomaceous earth materials reported by Burger and Shackelford (2001) , the soilwater characteristic curve data for the sands used in this study were fit with unimodal soil-water characteristic curve functions reflecting the existence of only one pore-size distribution. Thus, as expected, the soil-water characteristic curves for the sands do not reflect the existence of a microscopic (intragranular) porosity region.
Therefore, based on consideration of the soil-water characteristic curves for the constituent materials used in the sanddiatomaceous earth mixtures evaluated in this study, the bimodal shapes of the soil-water characteristic curves for the mixtures can be attributed to the existence of two pore-size distributions resulting from the diatomaceous earth content.
The first pore-size distribution corresponds to the soil-water characteristic curve data in the relatively low soil suction range (for example, < 100 kPa) and is associated with pore water trapped between the larger, intergranular pores between the sand particles and the diatomaceous earth pellets. This poresize distribution corresponds to the macroscopic porosity region for the mixture. The second pore-size distribution corresponds to the soil-water characteristic curve data in the relatively high soil suction range (for example, > 1,000 kPa) and is associated with pore water that is trapped within the smaller, intraaggregate (intrapellet) pores existing entirely within the domain of the individual diatomaceous earth pellets. This pore-size distribution corresponds to the macroscopic porosity region for the mixture.
As shown in Fig. 9 , the total and microscopic porosity of the mixtures increases with increased diatomaceous earth content, as expected. However, the macroscopic porosity does not change significantly for mixtures with the same constituent materials but different percentages of diatomaceous earth. The independence of the macroscopic porosity of the mixtures from the diatomaceous earth content is consistent with the similarity between the sizes of the sand grains and the diatomaceous earth pellets in the mixtures, as shown in Fig. 2. 
FIG. 11. Effect of Diatomaceous Earth Content on Average Value for Microscopic Porosity Considering All Sand-Diatomaceous Earth Mixtures
Comparison of Soil-Water Characteristic Curves of Mixtures
As shown in Figs. 6-8, desaturation of the microscopic porosity of the sand-diatomaceous earth mixtures begins at approximately the same suction value, regardless of the percentage of diatomaceous earth. This apparent independence of the suction at which desaturation of the microscopic (intrapellet) porosity occurs is expected on the basis of the similarity in the microscopic porosities of the CG1 and CG2 pellets.
The bimodal shape of the soil-water characteristic curve is better defined for mixtures with a greater percentage by dry weight of diatomaceous earth, as a result of the increased porosity associated with the microscopic pore-size distribution of the diatomaceous earth pellets. Also, the microscopic portions of the soil-water characteristic curves for mixtures that contained approximately the same percentage of diatomaceous earth are essentially independent of the type of constituent materials used in the mixtures. This observation is reflected by the closeness among the trends in microscopic porosity versus diatomaceous earth shown in Fig. 10 for the three different sets of constituent materials used in the mixtures.
However, as reflected by the macroscopic porosity data shown in Fig. 10 , the type of constituent materials used in the mixture did affect slightly the macroscopic portion of the soilwater characteristic curves, particularly for diatomaceous earth contents less than 20%. The mixtures consisting of CG2 pellets and 10-20 sand tend to have slightly lower air-entry suctions than the mixtures consisting of CG1 and CG2 pellets and 20-60 sand. Since larger particle sizes are expected to result in larger pore sizes and lower air-entry suctions, this observation is consistent with the larger pellet sizes associated with CG2 relative to CG1, and the larger grain sizes of the 10-20 sand relative to the 20-60 sand, as shown in Fig. 2 .
Estimating Microscopic Porosity of Sand-Diatomaceous Earth Mixtures
The percentage of diatomaceous earth by dry weight versus the microscopic porosity based on the average values obtained from fitting all three functions to the measured soil-water characteristic curve data (Table 9 ) for all the mixtures is shown in Fig. 11 . The microscopic porosity of the mixtures increases nonlinearly as the percentage of diatomaceous earth in the mixture increases. As shown in Fig. 11 , a simple function of the form y = ax b with a = 2.33 and b = 0.59 fits all of the data with a coefficient of determination (R 2 ) of 0.99. Thus, a simple linear interpolation based on the percentage of the diatomaceous earth in the mixture and the limiting microscopic porosity for the constituent diatomaceous earth underestimates the microscopic porosity of the mixture.
CONCLUSIONS
Mixtures of a relatively uniform sand with relatively similarly sized pellets of diatomaceous earth resulted in bimodal soil-water characteristic curves due to the two distinct poresize distributions associated with microscopic and macroscopic porosity regions of the diatomaceous earth pellets. The bimodal soil-water characteristic curves of the sand-diatomaceous earth mixtures also were intermediate between the unimodal soil-water characteristic curve for the sand and the bimodal soil-water characteristic curve for the pelletized diatomaceous earth.
The method used in this study to fit bimodal soil-water characteristic curve data with the bimodal Brooks-Corey, van Genuchten, and Fredlund-Xing functions resulted in good fits of the measured data in all cases. However, the bimodal BrooksCorey function did not fit the measured data near the air-entry suction for the microscopic porosity as well as the bimodal van Genuchten and Fredlund-Xing functions, due to the discontinuity at the air-entry suction in the Brooks-Corey function. The bimodal van Genuchten function visually fit the data the best. The bimodal Fredlund-Xing function also matched the data well, but contains eight fitting parameters, as opposed to four fitting parameters for the bimodal Brooks-Corey and van Genuchten functions.
Values for the microscopic and macroscopic porosity of the mixtures were obtained from the curve fits. For a given set of mixture-constituent materials, the total porosity of the mixtures increased from ϳ40 to ϳ75%, and the microscopic porosity increased from 0 to ϳ35%, as the percentage by dry weight of diatomaceous earth in the mixture increased from 0 to 100%. However, the macroscopic porosity of the mixtures was relatively constant and therefore independent of the diatomaceous earth content for all mixtures, due to the similarity in the particle sizes of the sands and diatomaceous earth pellets used in the mixtures. Thus, the differences in the soil-water characteristic curves of the mixtures result from the increase in the microscopic porosity that occurs with an increase in the percentage by dry weight of diatomaceous earth in the mixture.
